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Based on ﬁrst principles electronic structure calculations using the Coherent Potential Approximation
(CPA) in the Blackman–Esterling–Berk (BEB) multiscattering formalism and the variable range hopping
(VRH) model proposed by Mott, we evaluate the low temperature dc conductivity and its temperature
dependence for n-doped wurtzite-type M:ZnO, with M = Al, Ti, Mn, at concentrations of 2, 5 and
10 at.% respectively. We theoretically determine the phenomenologic quantities in the expression of
the hopping conductivity, as well as the temperature range in which the VRH model is applicable to
the investigated compounds. We show that self-consistent CPA-BEB and LSDA+U calculations yield rea-
sonable band gaps, dopant state localization and also spin magnetic moments for the Ti and Mn systems.
These results are discussed in comparison with reported data obtained by supercell LSDA+U calculations
for similar systems. The results in this study point to 2–5 at.% Ti and approximately 2 at.% Al codoping in
wurtzite-type ZnO as an interesting option to obtain a material with an increased low temperature dc
conductivity and ferromagnetic background.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Over the past decade studies on transparent semiconductor oxi-
des have brought considerable evidence leading to wurtzite-type
zinc oxide (ZnO) as a promising candidate material for transparent
electronics, sensors and solar cells [1–9]. The focus of experimental
investigations has been on improving the control of both electrical
[10] and spin-dependent conductivities [2], as well as the creation
of an intrinsic stable ferromagnetic background above room tem-
perature required in spintronic applications [11]. The real material
shows a signiﬁcant level of intrinsic n-doping to which the effects
of dopant atoms sum up. Particularly, ZnO thin ﬁlms and nano-
structures show a great sensitivity of the targeted conduction
and magnetic properties to dopant species used to tune their prop-
erties, a fact which also determines a large scatter in the reported
measured data. Thus, an early review of experimental results ob-
tained on doped and undoped ZnO thin ﬁlms deposited by a wealth
of methods was presented in Ref. [12], with the aim to establish the
physical limits of electrical resistivity in this material. Based on the
ﬁndings that: (i) the lowest resistivities in ZnO thin ﬁlms are in the
range of 1.4–2  104X cm, independently of the depositione of Materials Physics, Labo-
stilor Str. 105bis, Magurele-
l.: +40 21 369 0170; fax: +40
-NC-ND license.method, (ii) an upper limit of carrier concentration of about
1.5  1021 cm3, corresponding to a dopant solubility limit of
about 4 at.%, and (iii) an upper limit of the carrier mobility in the
region n > 5  1020 cm3 of about 40 cm2 V1 s1, the author sug-
gests that resistivities less than 1  104X cm for doped polycrys-
talline zinc oxide ﬁlms are hard to achieve, due to a general
limitation by ionized impurity scattering.
Since then, a great effort has been undertaken to improve the
electrical and optical properties of ZnO ﬁlms by utilizing a diversity
of material synthesis techniques, substrates, doping and processing
routes. Controlling electrical conductivity by Al-doping has re-
ceived a particular interest as a convenient way of carrier density
and mobility changing [2,13], which also has useful effects on opti-
cal properties in the blue and UV regions of the spectrum [14,15].
Recently, resistivity values of the order 103–104X cm were re-
ported for Al-doped ZnO thin ﬁlms with Al concentration between
0.25 and 3.5 at.% [16–19]. The investigations have proven that for a
given Al concentration the ﬁlm resistivity values strongly depend
on the synthesis method and post-processing, which determine
the nanostructure and the defective state. Also, some experiments
underscore the fact that increasing Al concentration above approx-
imately 4 at.% determines an increase in the resistivity [17,20].
Research work performed on Ti-doped (97% ZnO+3% Al2O3),
(ZATO), and undoped, (ZAO), ﬁlms showed that the lowest
achievable resistivity is 7.96 and 8.7  104X cm for ZATO and
ZAO as-processed ﬁlms, respectively, whereas after annealing
in air, the resistivity of both ZATO and ZAO ﬁlms is higher than
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the increase of oxygen defect levels and the disorder promoted
by impurities.
The properties of Ti-doped ZnO ﬁlms deposited on Al2O3 (0001)
substrates with varying temperature, TS, were also investigated
[22]. The Ti and carrier concentrations were found to increase with
increasing TS, whereas the band-gap increased for TS = 100 and
200 C from that of pure ZnO and decreased for TS = 300 and
400 C. These authors rationalize that the observed band-gap vari-
ation along with a large increase in carrier concentration between
TS = 200 and 300 C are due to a merging of the donor band with
the conduction band minimum, which determines a semiconduc-
tor-metal transition. The increase in the donor density was tenta-
tively attributed to the increase of the defect density at higher Ti
doping levels [22].
In another investigation of ZnO:Ti ﬁlms, a resistivity value of
3.82  103X cm was determined and a semiconductor-metal
transition was also reported for Ti concentration of 1.3% [23]. The
enhancement of conductivity and the semiconductor-metal transi-
tion are likely attributed to the increase in the free carrier concen-
tration, along with band-gap shrinkage effects caused by Ti doping.
Several studies of Al-doped ZnO thin ﬁlms [24,13,25,26] have
suggested that the conduction mechanism below 220 K may be
interpreted within the variable-range hopping (VRH) model pro-
posed by Mott for the carrier transport in disordered systems
[27,28]. For the proper carrier concentration range [29] the VRH re-
gime was identiﬁed by measuring the ﬁlm resistivity as a function
of temperature and ﬁtting the experimental data to the relation
ln(rT1/2) / T1/4 in the low temperature limit. A straight-line ﬁt
establishes the VRH behavior for T < T0, with the ﬁtting parameter
T0 giving an indication of the hopping probability: a high value of
T0 corresponds to a low probability for hopping and to a low con-
ductivity [27]. It has been suggested that the VRH mechanism is
also effective in pulsed laser deposited ﬁlms obtained in a nitrogen
atmosphere [30]. The observed enhancement of the conductivity
was assigned to both the nitrogen ions and nitrogen induced de-
fects in the zinc oxide lattice, that behave as localized hopping cen-
ters, as well as carrier suppliers.
A much lower temperature range for the hopping conduction
mechanisms was determined in Mn-doped ZnO, in the dilute Mn
concentration range of 0.1, 0.3, and 0.6% Mn [31]. The electrical
conduction was studied by analyzing the dc and ac conductivity
data. The abrupt change in the temperature dependence of conduc-
tivity at approximately 18 K and a much lower activation energy
for conduction below 18 K were attributed to a transition from
band, above 18 K, to hopping conduction between 18 to 10 K
[32]. Since Mn contributes with deep donor states at about
2.0 eV below the conduction band bottom at room temperature,
an increase in Mn concentration determines a decrease of the shal-
low donor concentration and therefore of the conductivity. The cal-
culated critical temperature for the transition from a nearest
neighbor hopping (NNH) mechanism to the VRH regime was eval-
uated below approx. 2 K [31].
It is worth to note that under certain conditions the experimen-
tal investigations may also be hindered by the formation of an elec-
tron accumulation layer near the surface which can alter the
measured conductivity values in the underlying bulk or ﬁlm (see
[2] and references cited therein).
A systematic, clear cut study of the relationship between con-
ductivity and magnetism in Mn, Co, Al -doped ZnO ﬁlms with a
wide range of carrier densities was presented in [33]. These
authors identify three conductivity regimes which have a critical
role on the magnetic behavior also, as follows: (1) an insulating
phase, at low carrier densities, in which the low temperature con-
ductivity arises from a variable range hopping process. In this re-
gime, the least conducting ﬁlms are the most magnetic at roomtemperature due to the interaction of the localized spins with sta-
tic localized states; (2) an intermediate carrier concentration re-
gime, where the samples satisfy neither the conditions for VRH
at low temperatures nor for metallic behavior at room tempera-
ture. In this case, magnetism is quenched, due to carriers in the
localized states becoming mobile; (3) a metallic phase at high car-
rier densities, in which free carrier-mediated exchange determines
ferromagnetism, as predicted by theory [34].
In another investigation of the electrical transport and magne-
toresistance in Co heavily doped TiO2 and ZnO [35] it has been
highlighted that, due to signiﬁcant Coulomb interaction between
localized carriers at high doping levels, both the spin–spin ex-
change between the carrier spins and the Coulomb interaction
should be taken into account in the same frame. A linear relation
of lnq versus T1/2 in the low temperature range was observed
experimentally, in agreement with the theoretical model in
[36,37] and a quantitative explanation in a spin-dependent vari-
able range hopping model was proposed in [35].
Several ﬁrst principles studies have approached the physical as-
pects involved in the description of the electronic conduction
mechanisms in defective/doped ZnO. Extensive analyses of the de-
tails of the electronic structure in defective and/or doped ZnO have
attempted to ﬁnd justiﬁcations for the intrinsic n-type conductiv-
ity, the role of defects and dopants, as well as the difﬁculty in
achieving the p-type conductivity (see, e.g., [2,10,38,9]). Although
there is a conceptual agreement of these studies as regards the role
of defects on the electrical and optical properties, no quantitative
evaluation of the electrical conductivity is made based on calcula-
tion results, as a function of doping or temperature. Thus, one may
not draw speciﬁc conclusions of practical relevance for the control
of conductivity in the real material unless establishing, by experi-
ment and theory, an unambiguos relationship between the sources
– dopant and/or defect – and the electronic effect they produce.
In this contribution we present electronic structure results ob-
tained within the Coherent Potential Approximation (CPA) and
Blackman–Esterling–Berk (BEB) multiscattering formalism imple-
mented in the FPLO5 code, in wurtzite-type Zn1xMxO crystal, with
M=Al, Ti and Mn. We calculate the low temperature dc conductiv-
ity in the regime where electron hopping on localized impurity lev-
els is the dominating mechanism described in Mott’s Variable
Range Hopping (VRH) model [32]. We theoretically determine
the phenomenologic quantities in the expression of the hopping
conductivity, as well as the temperature range in which the VRH
model is applicable to the investigated compounds. A discussion
of the magnetism promoted by Ti and Mn, and a prediction of
the best material for a dilute magnetic semiconductor is also in-
cluded. The paper is organized as follows. In Section 2 we present
the details of our calculations. Then, an account on the electronic
structure results obtained in this work for the Al, Ti and Mn-doped
ZnO systems is given in Section 3. We also contrast our present re-
sults obtained using the CPA-BEB-LSDA+U formalism with re-
ported calculated data on similar systems. In Section 4 we use
these results to discuss the dc conductivity in the underlying sys-
tems analyzed in the variable range hopping model. We establish
the dopant concentration and temperature ranges that are ade-
quate for the applicability of this model in Zn1xMxO systems. Sec-
tion 5 summarizes the conclusions of this work and a prediction on
a suitable semiconductor combining a high dc conductivity and
magnetism is made.2. Calculation method
We carried out self consistent calculations in the Local Spin
Density Approximation (LSDA) using the FPLO5.00-20 band struc-
ture code [39,40]. The exchange and correlation potential was trea-
Fig. 1. CPA-BEB-LDA results for the total DOS of Zn1xAlxO, with x = 0, 2, 5 and 10%.
Inset: Enlarged image of the conduction band for x = 0% and x = 5%.
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tion in the Brillouin zone was performed at 480 irreducible k-
points from 4096 (using a 16  16  16 k-mesh); this ensured both
an accuracy of 105 eV in the total energy and a proper treatment
of the Fermi surface effects if an insulator-to-metal transition
occured as a result of electron doping.
The partial substitutional disorder brought about by the ran-
dom dopant distribution at Zn sites in Zn1xMxO, M=Al, Ti or Mn,
was treated in the Coherent Potential Approximation (CPA) [42],
in which the disordered crystal is treated as an effective medium
[43]. In FPLO the CPA uses the multiscattering formalism of Black-
man–Esterling–Berk (BEB) [44] implemented in a non-orthogonal
local orbitals scheme [42]. Some properties of the CPA-BEB imple-
mentation in FPLO are, [42,45]: (i) The scheme is all-electron, the
multiple scattering formalism is consistent with a single site CPA
condition and fully charge self-consistent. The scalar relativistic
model of [46] is used; (ii) Both the diagonal and the off-diagonal
disorder are included; (iii) The atomic centers are distributed on
periodic lattice points where the atomic potential is site-depen-
dent; still, a partial long-range order is assumed on sublattices,
(iv) One may introduce several components and several sublattices
with different compositions. (v) The symmetry as in the ordered
case is preserved, but instead of having one atom per Wyckoff po-
sition one may introduce several atoms with certain site-concen-
trations for every Wyckoff position. The advantage of using the
CPA over the supercell method materializes in saving computa-
tional effort, at low and also at high dopant concentrations CPA,
by its nature, produces the electronic structure of a conﬁguratio-
naly averaged crystal, whereas in the supercell approach one
should ﬁrstly consider all possible inequivalent dopant distribu-
tions and then average the relevant physical properties.
The site-centered potentials and densities were expanded in
spherical harmonic contributions up to lmax = 12. The basis sets
used in the present calculations are: (i) 3s3p:4s4p3d;5s5p4d, for
Zn/Ti/Mn, (ii) 1s:2s2p;3s3p3d for O, and (iii) 2s2p:3s3p;4s4p3d
for Al, corresponding to semicore: valence; polarization states,
respectively. The basis optimization was achieved for each dopant
species and concentration, independently. We also performed a
CPA-like ordered calculation for ZnO to allow a comparison of
the results obtained for disordered systems with those in the refer-
ence compound. Switching on the spin polarization in the CPA-
LSDA calculations showed no relevance with respect to the LDA
case for Al doping. However, a magnetic ground state was indi-
cated for the Ti and Mn containing systems. Therefore, for these
materials, starting from the converged CPA calculations, we also
introduced a Hubbard-type Coulomb repulsive term, U, and per-
formed self-consistent CPA-LSDA+U calculations, using the Atomic
Limit functional for the Ti and Mn correlated 3d orbitals [47]. The
values of the Slater integrals, Fk, and the Hund’s rule exchange
parameter, J, were established following the arguments elaborated
in [48–51]. Accordingly, we have taken for the screened Coulomb
parameter, U(=F0)=6 eV and J = 0.76 and 0.86 eV for Ti and Mn,
respectively. As such, one obtains for the Slater parameters F2
and F4 the values 6.6 and 4.1 eV for Ti and 7.4 and 4.6 eV for Mn,
respectively. Prior to performing all calculations with U=6 eV, we
also tested several values in the range 4–8 eV. This parameter is
more affected by screening effects and usually, in the semi-empir-
ical LSDA+U method, one sets its value in an optimum range where
the predicted band gap is close to the experimental one and also
the least sensitivity of the results on U values is determined
[51,52].
Although the present LDA results on Zn1xAlxO, particularly the
band gaps, are affected by the self-interaction error [53,48] we still
include them in our discussion of the dc conductivity, both for the
sake of comparison with the Ti and Mn effects in this work, as well
as for their relevance when refering to reported data. Also, the CPA-LSDA+U results obtained in this work will be analyzed in compar-
ison with available data obtained in the LSDA+U and supercell ap-
proach for similar systems.
All calculations were carried out on bulk Zn1xMxO with space
group P 63 M C (no. 186) structure, with an impurity concentration
x = 2, 5 and 10 at.% and at the experimental lattice constants [54].
Previous experimental investigations of Mn doped wurtzite-type
ZnO in a wide concentration range showed variations of only
0.32% and 0.44% for the a and c lattice constants, for Mn concentra-
tion up to 10 at.% [55]. However, in the case of Al and Ti one can not
derive such a straight conclusion, due to largely scattered reported
data. In this work, due to our neglect of the lattice relaxation, the
discussion of the dopant effects on the dc conductivity refers to
the electronic contribution, only. In the density of states (DOS)
plots throughout this work the DOS are given in states/eV/f.u.
and the Fermi energy is set at zero energy.3. Results
3.1. Zn1xAlxO
The CPA-BEB-LDA results showing the overall effect of electron
doping on the total density of states (DOS) when Al gradually sub-
stitutes for Zn are plotted in Fig. 1. The conduction band crosses the
Fermi level (EF) as x increases and a metallic state is already real-
ized for x = 2% Al, in agreement with experimental results
[56,57]. Increasing the Al concentration shifts the valence band
(VB) to more negative energy values and has only a slight effect
on the VB features, which are determined mainly by the Zn 3d
and O 2p states. Nevertheless, one may observe that Al has a strong
effect on the conduction band (CB) details. In the pure compound,
the CB is split by the crystal ﬁeld in two regions separated by a gap
between 6.5 and 7.0 eV. Increasing x determines an insulator-to-
metal transition to take place. As the metallic state becomes dom-
inant the increase in screening determines a decrease in crystal
electric ﬁeld and therefore in the CB splitting, see inset in Fig. 1
for a comparison between x = 0 and x = 5%. Al electronic conﬁgura-
tion is 3p1 in ZnO and is equivalent to one electron doping per
substituted Zn atom. The Al 3s and 4s states form a narrow band
situated at the valence band bottom; Al 3s also has the main con-
tribution to DOS at the Fermi energy, whereas Al 3p to DOS in the
conduction band, see Fig. 2 for x = 10%.3.2. Zn1xTixO
The CPA-LSDA density of states of Zn1xTixO show some com-
mon features for all Ti concentrations, see, e.g. the graphic for
Zn0.98Ti0.02O in Fig. 3. Thus, both Ti 3d subbands lie just at the con-
duction band minimum, being merged with the CB. The partially
ﬁlled Ti eg majority spin band is located at the Fermi energy. At
2% Ti doping the material is already metallic and the band gap be-
Fig. 2. Al angular momentum-projected DOS for Zn0.95Al0.05O.
Fig. 3. CPA-BEB-LSDA total DOS and Ti 3d states-projected DOS for Zn0.98Ti0.02O.
Note: Ti 3d states are scaled.
Fig. 4. CPA-BEB-LSDA+U total DOS and Ti 3d states-projected DOS of Zn1xTixO,
with x = 0.02 (a), x = 0.05 (b) and x = 0.10 (c). Note: Ti 3d states are scaled.
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moment appears localized on the partially occupied Ti 3d states, as
resulted from the Mulliken population analysis. Table 1 summa-
rizes the values (at 0 K) of the local spin magnetic moment and
the magnetic moment per formula unit for the Ti concentrations
studied in this work.
Since the CPA-LSDA results are affected by the insufﬁciencies
speciﬁc to the LDA method [58,48] we also carried out extensive
self consistent calculations using the CPA-LSDA+U approach to ac-
count for the correlations within the Ti 3d shell. The resulting plots
for the density of states are presented in Fig. 4. In the case x = 2% Ti
(see Fig. 4a), the Fermi level is situated in the band gap (of about
2.98 eV) at 0.45 eV below the conduction band minimum. The Ti
eg majority spin states are localized in the band gap just below
the Fermi level, with the tail crossing EF. The DOS plot for 5% Ti,
(see Fig. 4b) shows a band gap of 2.63 eV since the Ti eg majority
spin states already merge with the conduction band minimum.
The band gap becomes a gap in the valence band, actually, and this
situation is even more evident in the case of 10% Ti (see Fig. 4c).
The CPA-LSDA+U spin magnetic moment on Ti 3d states takes
higher values than those in CPA-LSDA calculations, see Table 1,
which indicate a Ti ion with S = 1.3.3. Zn1xMnxO
The DOS plot of Zn0.98Mn0.02O shown in Fig. 5 stands as an
example for the CPA-LSDA density of states of the Zn1xMnxO
series.Table 1
Spin magnetic moment, lM, and the magnetic moment per formula unit, M, in
Zn1xMxO, M = Ti and Mn. The LSDA values are given in parentheses.
x(%) 2 5 10
lM(lB/at.)
Ti 2.01 (0.90) 1.82 (1.13) 2.01 (1.28)
Mn 4.97 (4.71) 4.97(4.71) 4.97(4.71)
M(lB/f.u.)
Ti 0.04 (0.02) 0.09 (0.06) 0.20 (0.13)
Mn 0.10 (0.10) 0.25 (0.25) 0.50 (0.50)The main features are related to the localization of the Mn
majority spin subband below the Fermi energy in the band gap,
well separated from the minority subband which overlaps with
the conduction band minimum. The Mn 3d subbands broaden
but do not change position as Mn concentration increases. For
x = 5 and 10% the Mn majority spin eg shows a tail which extends
to the VB maximum and the Mn t2g merges with the CB minimum,
so that a small density of states appears at the Fermi energy. The
Mn majority spin subband also overlaps the oxygen 2p band and
that may provide paths for the Mn–Mn exchange coupling. The
manganese ion is in the high spin (S = 5/2) Mn2+ state. The values
of the spin magnetic moment obtained in CPA-LSDA calculations
and the magnetic moment per formula unit are listed (between
parentheses) in Table 1, also. The Mn magnetic moment takes
the value 4.71 lB, somewhat reduced relatively to the theoretical
one, 5 lB, for all Mn concentrations.
Switching on the Hubbard type repulsive term, U, produces the
expected effect on the Mn 3d subbands [51]. The Mn majority spin
subband is pushed to more negative energy, and as a result the Mn
eg majority spin strongly overlaps the valence band maximum, the
Mn t2g majority spin states merge with the VBM, whereas the Mn
minority subband overlaps the conduction band at higher energy,
see Fig. 6. The Mn magnetic moment increases to 4.97 lB/Mn
ion, in good agreement with the theoretical value at saturation.
To our knowledge, the use of the CPA-BEB module and DFT+U
Atomic Limit functional has not been reported in any other publi-
cation, hitherto. Therefore, in order to check the validity of the
present approach and build conﬁdence in its results, it is worth
to compare the Mn/Ti:ZnO results in our work with other results
produced by different codes or experiment.
Thus, an inspection of the DOS plots in Figs. 5 and 6, this work,
and the data in: (a) Fig. 3 in [51], obtained by supercell calculations
using the FPLO code and LSDA/LSDA+U, (b) Figs. 5 and 6 in [59]
using the PAW formalism as implemented in the VASP code, (c)
Fig.1 in [60] obtained using CPA-KKR-LSDA/GGA, (d) Fig. 1 inFig. 5. CPA-BEB-LSDA total DOS and Mn 3d states-projected DOS of Zn0.98Mn0.02O.
Note: Mn 3d states are scaled.
Fig. 6. CPA-BEB-LSDA+U total DOS and Mn 3d states-projected DOS of Zn1xMnxO,
with x = 0.02 (a), x = 0.05 (b) and x = 0.10 (c). Note: Mn 3d states are scaled.
Table 2
Spin magnetic moment, lM in Zn1xMxO, M=Ti and Mn from selected references. The
values calculated within DFT schemes without Hubbard U are given in parenthesis.
M x(at.%) lM(lB/at.) References
Ti 2.78 0.81 (0.70) [62]
2.75, 5.55 (0.0) [64]
6.25 (0.5) [63]
5.0 0.5⁄ [66]
0.6 0.83 ± 0.01⁄ [65]
Mn 25 4.89 (4.62) [51]
12.5 4.41 (4.31) [59]
6.25 (4.9) [61]
5.0 (4.0) [60]
⁄ Experimental value.
194 R. Plugaru et al. / Results in Physics 2 (2012) 190–197[61], LSDA supercell calculations using SIESTA code and Ceperley-
Alder exchange-correlation functional, shows a remarkable agree-
ment between the details of the electronic structures in Mn doped
wurtzite type ZnO. We also note a fair agreement between the local
Mnmagnetic moments listed in Table 1, and particularly in [51,61],
see Table 2.
In the case of Ti doping, one ﬁnds rather spread results in the
literature. The DOS plot for x = 5% in Fig. 4b, present work, fairly
compares with the plot in Fig. 4 in [62], for x = 2.78%, obtained with
a corrected-band-gap scheme (CBGS) and the DFT+U (CBGS+U).
However, the Ti magnetic moments calculated in [62], see Table 2,
are smaller than the present values. A previous study by supercellTable 3
Density of states at the Fermi level N(EF), the hopping distance R, hopping energy W, the n
Ti/Mn:ZnO. The value of n is 12.1143  108 cm.
Dopant (at.%) T (K) N(EF) (eV1cm3) R
Al 2 1 2.769  1021 6
100 2
Al 5 1 3.974  1021 5
100 1
Al 10 1 5.158  1021 5
100 1
Ti 2 1 3.805  1021 6
100 1
Ti 5 1 9.512  1021 4
100 1
Ti 10 1 6.553  1021 5
100 1
Mn 2 1 2.113  1021 6
100 2
Mn 5 1 2.325  1021 6
100 2
Mn 10 1 2.748  1021 6
100 2calculations using the WIEN2k code, GGA and Perdew–Burke–Ern-
zerhof for the exchange-correlation functional, gives 0.50 lB/Ti for
Ti0.0625Zn0.9375O [63]. At variance with these results, a zero mag-
netic moment has been predicted in [64] using the VASP code,
GGA and Perdew and Wang parameterization, see Table 2. On
the experimental side, Ti-doped ZnO ﬁlms deposited on Si(100)
substrate were investigated in [65]. The largest saturation mag-
netic moment, 0.83 ± 0.01 lB/Ti was observed for a ferromagnetic
insulator Zn0.994Ti0.006O ﬁlm, at room temperature, Also, a Ti mag-
netic moment of 0.5 lB/Ti ion was determined in (110)-oriented
ZnO ﬁlms at room temperature [66].
4. Discussion
First, we make an assessment of the low temperature dc con-
ductivity and its temperature dependence in Al/Ti/Mn-doped ZnO
systems with VRH model [27,28]. According to this model, at low
temperature the electrical transport consists of phonon-assisted
hopping of charge carriers from occupied to unoccupied localized
states. The theoretically predicted nearest-neighbor hopping con-
ductivity, r, is given by the formula:
r ¼ r0exp  T0T
 1
4
 !
; ð1Þ
where r0 is the pre-exponential factor and T0 is a parameter related
to the disorder in the system. These quantities are expressed as:
r0 ¼ 3q
2mph
ð8pkBÞ
1
2
 !
NðEFÞ
aT
 1
2
; ð2Þ
T0 ¼ ka
3
kBNðEFÞ ; ð3Þ
where N(EF) is the localized state density at the Fermi level, a is a
parameter such that n ¼ 1a is the localization length of the wave
function for localized states, kB is the Boltzmann constant,
mph = 8.67  1012 s1 is the phonon frequency at the Debye temper-
ature (hD = 416 K for ZnO) [67] associated with the hopping process,
and k = 16 is related to the hopping probability [68,25]. In the fol-
lowing we approximate the localization length by the effective Bohr
radius (aB) of a Wannier exciton [68], applicable to semiconductors
with high static dielectric constant and exciton energy of the order
of tens of meV, expressed as:1R parameter calculated at T = 1 K and T = 100 K and the critical temperature, Tc for Al/
(cm  107) W (meV) n1R Tc (K)
.52982 0.309 5.39 166.7
.06491 9.792 1.70
.96588 0.282 4.92 116.2
.88658 8.946 1.55
.58935 0.265 4.61 89.5
.76751 8.382 1.45
.03105 0.286 4.97 121.3
.90719 9.044 1.57
.79638 0.227 3.95 48.5
.51675 7.193 1.25
.26468 0.249 4.34 70.5
.66484 7.895 1.37
.98646 0.331 5.76 218.5
.20931 10.477 1.82
.82144 0.323 5.63 198.6
.15713 10.230 1.78
.54226 0.310 5.40 168.0
.06884 9.811 1.70
(a)
(b)
(c)
Fig. 7. Calculated ln(r  T1/2) versus T1/4 dependence for Al (a), Ti (b) and Mn (c)
doped ZnO, between 1 and 100 K.
(a)
(b)
(c)
Fig. 8. Calculated temperature dependence of hopping activation energy for Al (a),
Ti (b) and Mn (c) in Zn1xMxO. The kBT versus T is also plotted to allow a
determination of the temperature range for Mott’s VRH model validity, according to
the constraint WP kBT.
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¼ aB ¼ 4perh
2
mee2
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where er = 8.15 is the relative dielectric constant of wurtzite-type
ZnO and me ¼ 0:38 me is the effective electron mass [67]. Thus, a
value aB = 12.1143  108 cm is calculated using Eq. (4). Being a
measure of the electron wavelength localization at an impurity site,
amay extend over a few near neighbors. The hopping distance, R, is
given by
R ¼ 9
8pakBNðEFÞ
 1
4
ð5Þ
and the hopping energy, W, is given by
W ¼ 4
3pR3NðEFÞ
: ð6ÞWe calculated the hopping distance R, the hopping energy W, the
dimensionless parameter n1R (or aR), and critical temperature,
Tc, below which the Mott mechanism of conductivity is valid, their
values being listed in Table 3. Also, the calculated graphs ln(rT1/2)
versus T1/4 are displayed in Fig. 7a–c, which shows the variation
of the conductivity over the temperature range 1–100 K. In order
to analyze these results, one should recall that the behavior indi-
cated by the VRH model is assured if two conditions are fulﬁlled.
According to Mott, the values of W should be larger than kBT and
those of aR should be greater than unity. The parameter aR, given
in Table 3, complies with the condition aR > 1, in the temperature
range 1–100 K. Next, the calculated temperature dependence of
the hopping activation energy in Al, Ti, Mn doped ZnO is plotted
in Fig. 8a–c. The kBT versus T is also plotted to allow a determination
of the temperature range for the Mott’s VRH model validity. Tc is
determined by the intersection of the W(T) and kB(T) curves.
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at 2% concentration to 89 K at 10%. Ti based alloys have the small-
est Tc, with the smallest value 48.5 K at 5% Ti and the largest one,
121 K, at 2% Ti. Finally, the Mn based alloys have the largest Tc, be-
tween 218.5 K at 2% Mn and 168 K at 10% Mn.
It is not a straightforward task to discuss the results in Table 3
with reference to experiment, see, e.g. [13,26,16] for Al doped ZnO,
due to the large scatter of the experimentally employed conditions
and reported quantities. Nevertheless, we tentatively compare our
results for 2% Al doped ZnO, at 100 K, with the parameters deduced
from experiment for Al doped ZnO ﬁlms at 150 K, see Table 1 in
[25]. First, one may observe a signiﬁcant dependence of the hoping
distance, activation energy and aR parameter on the annealing
temperature, for the same nominal stoichiometry [25]. This may
be related to effects associated with modiﬁcations at the grain
boundaries, namely defects which play a role either as hopping
centers, or as periodic barriers [30]. Taking into account the data
spreading for x = 1 and x = 2 in Ref. [25], one may only conclude
that there is a qualitative agreement between the values of the
hopping range, activation energy and aR parameter derived in
[25] and the calculated ones in this work.
Then, using Eq. (1) and the parameters listed in Table 3, we cal-
culated the dc conductivity at several temperatures for each spe-
cies, below Tc. The 77 K was chosen for its relevance to resistivity
measurements 1 K and 48 K to allow a comparison between the
impurity effects on conductivity at the same temperature.
These results are presented in Fig. 9. The plots of r versus the
dopant concentration x, at all selected temperatures, are qualita-
tively in agreement with the experimental observations for Al
[13,26,16,25], for Ti [69,23,70,22] as well as for Mn doping [71,72].
Thus, the VRH model shows that Al doping up to 10% deter-
mines a gradual increase in the dc conductivity, the effect being
stronger as temperature increases, see Fig. 9. Since the LDA DOS
plot in Fig. 1 suggests that Zn0.98Al0.02O is already metallic, one
should only consider Al concentrations less than about 2% to obtain
a semiconductor with higher conductivity than that of ZnO wurtz-
ite phase.
Our calculations suggest a strong effect of Ti on conductivity in
Zn1xTixO with an anomalously high value at about 5%, see Fig. 9.
Tentatively, we attribute this behavior to an overlap of the impu-
rity band tail with the conduction band minimum, see Fig. 4b,
which determines an increased density of states at the Fermi en-
ergy as well as an increase in the carrier concentration. Further,
we attribute the decrease in conductivity for Ti concentration from
about 5 to 10%, to the decrease of Ti localized states density at the
Fermi energy, as the impurity band shifts to more negative energy,Fig. 9. Calculated dc conductivity at 1 K versus dopant concentration x for bulk
Zn1xMxO, M=Al, Ti and Mn.see Fig. 4c. Increasing x from 5 to 10% also leads to a decrease in the
band gap, see Fig. 4b and c, and this is in qualitative agreement
with the observation of a red-shift in the band gap at 1.3% Ti in
[23].
According to our results in Fig. 9, Mn doping determines only a
slight increase in the dc conductivity in Zn1xMnxxO, for x 6 10%.
Very recently, a small increase in conductivity of Mn:ZnO ﬁlms
has been reported for Mn concentration up to 5% in Mn doped
ZnO ﬁlms deposited by atmospheric barrier torch discharge tech-
nique on SiO2 substrates [72]. In another recent investigation, a
suppression of the conductivity in oriented and doped up to 4%
Mn:ZnO ﬁlms was reported [71]. Variable-temperature Hall effect
measurements indicated that the conductivity actually decreases
with increasing Mn content. The authors suggest that the incorpo-
ration of Mn atoms suppresses the formation of native defects such
as oxygen vacancies. Also, it was observed that Mn ions cause a
blue-shift of photoluminescence PL energy [71], determined as a
shift in the PL peak position to higher energy when Mn doping in-
creases. This shift was presumably attributed to an increase in the
band gap, which is not conﬁrmed by our results in Fig. 6a–c. In fact,
a decrease in the band gap may be observed when Mn concentra-
tion increases, similarly to Ti doping.
It is interesting to note that the present results indicate Ti dop-
ing as having a stronger effect than Al on conductivity at very low
temperatures, e.g. 1 K, see Inset in Fig. 9, whereas at higher tem-
peratures, e.g. 48 K, Al has the dominant effect, see Fig. 9.
Also, it is worth to comment on the differences between the cal-
culated r values in the present work and the experimental ones re-
ported in references. We performed the calculations on disordered,
stoichiometric systems. However, the conductivity of the real
material is strongly determined by processing, see for example
the scatter in the resistivity values in Table 2 in [73] for Al/Co:ZnO
high quality epitaxial thin ﬁlms. Not in the least, a signiﬁcant con-
tribution to conductivity may originate from defects, particularly
oxygen vacancies, as intrinsic defects, process-induced defects or
subsequent charge compensation mechanisms, [10,2,74,75].5. Conclusions
CPA-BEB-LSDA(+U) calculations of the electronic structure in
wurtzite-type Zn1xMxO, M=Al, Ti, Mn and x = 0, 2, 5 and 10%, were
performed using the FPLO5 code. To our knowledge, this is the ﬁrst
report on doped ZnO based on this approximation. The density of
states plots presented herein are in fair agreement with those re-
ported on similar systems obtained by using a variety of other
techniques, which sets conﬁdence in our approach. On the founda-
tion laid by the Mott’s VRH model, we calculated the low temper-
ature dc conductivity and its temperature dependence, targeting to
highlight the electronic effects produced by the doping ions. The
phenomenologic parameters of the model are also calculated and
the temperature range of applicability of the theory is established
for each system. The hopping conductivity shows a signiﬁcant in-
crease with Al concentration at high temperature, in accordance
with experiment, and only a moderate increase at very low tem-
perature (e.g. 1 K). In the case of Ti doping, r versus concentration
shows a maximum at about 5% which we relate to the localization
of the impurity band at the Fermi energy and its proximity to the
conduction band. An almost constant dc conductivity is predicted
for Mn doping up to 10%. Our calculations also predict magnetic
ground states for Ti and Mn doping for x 6 10%. From a practical
point of view, our results suggest that about 2% Al doping and 5%
Ti co-doping in hexagonal ZnO may promote a material combining
high conductivity and eventually stable magnetism, in a rather
wide temperature range.
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